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ABSTRACT
Observations suggest an abundance of water and paucity of methane in the majority of observed
exoplanetary atmospheres. We isolate the effect of atmospheric processes to investigate possible causes.
Previously, we studied the effect of effective temperature, surface gravity, metallicity, carbon-to-oxygen
ratio, and stellar type assuming cloud-free thermochemical equilibrium and disequilibrium chemistry.
However, under these assumptions, methane remains a persisting spectral feature in the transmission
spectra of exoplanets over a certain parameter space, the Methane Valley. In this work we investigate
the role of clouds on this domain and we find that clouds change the spectral appearance of methane
in two direct ways: 1) by heating-up the photosphere of colder planets, and 2) by obscuring molecular
features. The presence of clouds also affects methane features indirectly: 1) cloud heating results
in more evaporation of condensates and hence releases additional oxygen, causing water dominated
spectra of colder carbon-poor exoplanets, and 2) HCN/CO production results in a suppression of
depleted methane features by these molecules. The presence of HCN/CO and a lack of methane
could be an indication of cloud formation on hot exoplanets. Cloud heating can also deplete ammonia.
Therefore, a simultaneous depletion of methane and ammonia is not unique to photochemical processes.
We propose that the best targets for methane detection are likely to be massive but smaller planets
with a temperature around 1450 K orbiting colder stars. We also construct Spitzer synthetic color-
maps and find that clouds can explain some of the high contrast observations by IRAC’s channel 1
and 2.
Keywords: planets and satellites: atmospheres — planets and satellites: composition — methods:
numerical
1. INTRODUCTION
After discovery of the first exoplanets in 1990’s (Wol-
szczan & Frail 1992) and a fast growing number of dis-
coveries since then, there have been many attempts to
observe and characterize their atmospheres (for some
recent reviews see e.g. Sing 2018; Fortney 2018; Helling
2019; Madhusudhan 2019). Water and methane have
been the focus of many investigations due to their rele-
vance to the origin of life and habitability, as well as their
major roles in shaping the structure of planetary atmo-
spheres (e.g. Ackerman & Marley 2001; Birkby et al.
2013; Agu´ndez et al. 2014; Fraine et al. 2014; Kreid-
berg et al. 2015; Sing et al. 2016; Kreidberg et al. 2018;
Corresponding author: Karan Molaverdikhani
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Tsiaras et al. 2018; Alonso-Floriano et al. 2019; Benneke
et al. 2019; Sa´nchez-Lo´pez et al. 2019). Abundances re-
trieved for these species can be also used as a tracer
of the carbon-to-oxygen ratio (C/O) and metallicity of
these atmospheres; hence potentially linking the forma-
tion scenarios with the observations (e.g. Raymond et al.
2004; Bethell & Bergin 2009; Oberg et al. 2011; Henning
& Semenov 2013; O’Brien et al. 2014; Mordasini et al.
2016; Cridland et al. 2019). Water’s spectral signature
has been discovered frequently (e.g. Tsiaras et al. 2018,
and references therein) but despite many efforts there
has been only one robust detection of methane in irradi-
ated exoplanets so far, and only through high-resolution
spectroscopy (Guilluy et al. 2019).
In contrast, methane has been observed on most plan-
ets in the solar system. In Earth’s atmosphere, living or-
ganisms primarily produce it (e.g. Schoell 1988; Catling
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et al. 2001). On gaseous planets, it is believed to be due
to abiogenic processes (e.g. Guillot 1999; Glasby 2006;
Guillot 2019). On Mars, its origin is yet to be known
(e.g. Krasnopolsky et al. 2004; Atreya et al. 2007). Abio-
genic processes remain to be tested to explain the pos-
sible presence of methane on early Mars (e.g. Kite et al.
2019) and methane and oxygen abundances measured
by the Curiosity rover over several Martian years (e.g.
Trainer et al. 2020). These recent measurements have
been examined several times to dilute the possibility of
human errors. The question is: “How well do we un-
derstand CH4 chemistry to rule out an abiogenic origin
on the present Mars?” While further in-situ measure-
ments, laboratory studies, and model development are
crucial to address this question (e.g. Hu et al. 2016),
exploring the validity of CH4 chemistry over a broad
range of chemical environments on exoplanets opens a
new path. Consequently, consistency of observations
and simulations of CH4 on highly irradiated exoplan-
ets might provide a framework on CH4 chemistry to
be further adapted to study the chemistry of temper-
ate planets.
To investigate the origin of apparent paucity of
methane on the majority of observed exoatmospheres,
we isolated the effect of atmospheric processes by apply-
ing a hierarchical modelling approach. In Molaverdikhani
et al. (2019a), we present the results of our extensive
thermochemical cloud-free self-consistent simulations
with more than 28,000 models. We propose a new clas-
sification scheme for irradiated gaseous planets based on
their dominant chemistry at their photospheric levels.
We focus on planets with an effective temperature be-
tween 400 K and 2600 K. The classification consists of
four classes. Class-I planets (with an effective temper-
ature more than 400 K and less than 600-1100 K) are
expected to show strong methane and water features in
their transmission spectra, if they are cloud-free and in
thermochemical equilibrium. Class-II planets are hotter
than Class-I (Teff < 1650 K). Their transmission spectra
are largely sensitive to the atmospheric C/O ratio, ef-
fective temperature, and β-factor (a linear combination
of metallicity and surface gravity, β=log(g)-1.7×[Fe/H],
which provides an indication of the photospheric pres-
sure level; also see Mollie`re et al. (2015)). Low C/O
ratios usually result in water-dominated spectra and
high C/O ratios lead to methane-dominated spectra.
The transition occurs at so-called “transition C/O ra-
tio”, C/Otr. Class-III planets are hotter than Class-II
and free of condensates. Lack of condensates makes
the transition C/O ratio insensitive to the β-factor and
temperature, and remains around a value of 0.94, as
also found in Mollie`re et al. (2015). Class-IV plan-
ets require higher C/O ratios to present CH4 features
in their transmission spectra. This is mainly due to
their hotter photosphere and the formation of HCN
and CO as the main sinks of carbon instead of CH4.
We also find a parameter space (800 K < Teff<1500 K
and C/O ratio above a certain threshold value) with a
higher chance of methane detection; the Methane Valley.
HD 102195b, i.e. the only known irradiated exoplanet
so far with methane in its atmosphere (Guilluy et al.
2019), resides in this parameter space, which supports
our prediction. Comparing the rest of observed planets
with these results suggest either these planets have C/O
ratios lower than their transition C/O ratio (the C/O
ratio at which the transition from a water-dominated to
methane-dominated atmosphere occurs) or other atmo-
spheric processes cause the observed methane depletion.
Given the temperature and surface gravity of the char-
acterized exoplanets, the transition C/O ratio of some
of them are expected to occur at very low C/O ratios,
e.g. less than 0.2. Such low (sub-stellar) C/O ratios are
less in favor from a planetary formation point of view
(e.g. Oberg et al. 2011; Espinoza et al. 2017). Therefore,
it is expected that some of these planets show methane
in their transmission spectra, unless other atmospheric
processes cause methane depletion.
In Molaverdikhani et al. (2019b) we investigate the
importance of chemical kinetics in the planetary atmo-
spheres, and in particular on methane depletion, by im-
plementing the Chemical Kinetic Model, ChemKM. The re-
sults of more than 112,000 chemical kinetic models with
full chemical network indicates strong vertical mixing
could homogenize vertical abundance of methane; caus-
ing quenched abundances. A quenched abundance may
result in methane depletion or methane enhancement,
depending on its vertical distribution. An example of
such case is shown in Molaverdikhani et al. (2019b) Fig-
ure 2. Nevertheless, strong vertical mixing makes the
boundary between class-II and III planets less profound,
but the Methane Valley continues to occur in a similar
part of the parameter space. Rarity of methane ob-
servations brings us to the next step to explore yet an-
other fundamental process in the atmosphere of planets:
clouds.
All planets in the solar system with a substantial at-
mosphere possess clouds. Their composition and ver-
tical distribution, however, varies from one planet to
another, see Figure 1. With temperatures ranging from
50 to 350 K at around 1 bar, this includes clouds com-
posed of CH4, H2S, NH3, NH3SH, H2O, H2SO4, etc.
Regardless of the temperature structure or the compo-
sition of these planets, their visible cloud deck appears
to be located at around 1 bar, which makes it a conve-
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Figure 1. Temperature profiles and cloud compositions in
the solar system’s gaseous planets. Earth’s and Venus’s pro-
files are included for reference. The horizontal dashed line
marks 1 bar level where most of the visible cloud decks are
located at. This pressure is therefore commonly used as a ref-
erence pressure in the solar system community. The temper-
ature profiles are adapted from Robinson & Catling (2014).
nient reference pressure for the solar system community
(e.g. Seiff et al. 1998; Guillot 1999).
As far as the prevalence of clouds is concerned, ex-
oplanets seem to follow a similar story. Transit obser-
vations of exoplanets in their near-infrared spectra re-
vealed lower amplitude of water signatures in compari-
son to the expected amplitudes from cloud-free simula-
tions (e.g. Sing et al. 2016; Tsiaras et al. 2018; Pinhas
et al. 2019). Water depletion in the protoplanetary disks
at the planet’s formation location has been debated as
a cause of this lower amplitude (e.g. Seager et al. 2005;
Madhusudhan et al. 2014a,b; Sing et al. 2016). An al-
ternative possible explanation is the presence of haze
and clouds. Their physical properties (such as particle
shape, size distribution and chemical composition) af-
fect their optical properties (e.g. Heng & Demory 2013),
and their gray or semi-gray opacity in the optical and
NIR could obscure atomic and molecular features in this
wavelength range. These physical properties depend on
the atmospheric structure and dynamics (e.g. Morley
et al. 2012), and in turn, their radiative feedback could
change the temperature structure of the atmosphere and
the atmospheric scale height (e.g. Morley et al. 2012),
which also influences the atmospheric composition (e.g.
Helling 2019; Poser et al. 2019). Consequently, our pro-
posed classification and the Methane Valley might be
affected by the formation of clouds in the atmosphere
of irradiated exoplanets and might explain the observed
paucity of methane.
In what follows, we describe the method and our grid
of cloudy models in Section 2. In Section 3, we present
the results of (C/O)tr ratios and how our classification
and the Methane Valley are affected by clouds. In Sec-
tion 4, we construct synthetic Spitzer transmission and
emission color-diagrams and discuss the consistency of
our results with observations. We summarize and con-
clude our results and findings in Section 5.
2. METHODS
In order to investigate the influence of clouds on the
atmospheric properties, we have synthesized a popula-
tion of 37,800 1D self-consistent cloudy planetary atmo-
spheres by using petitCODE (Mollie`re et al. 2015, 2017).
The model assumes radiative-convective and thermo-
chemical equilibrium and iteratively solves for the at-
mospheric composition and thermal structure. The code
can be used to also calculate the emission and transmis-
sion spectra.
Our calculations use the cloud model described in
Ackerman & Marley (2001), as implemented and de-
scribed in Mollie`re et al. (2017). In short the clouds
are parametrized using three free parameters: the sed-
imentation factor fsed, the atmospheric eddy diffusion
coefficient Kzz, and the width of the log-normal parti-
cle size distribution σg. The cloud base is located at
the lowest altitude where the saturation vapor pressure
curve and the atmospheric temperature structure inter-
sect. The scale height of the cloud is then essentially
given by fsed via
dlogX/dlogP = fsed, (1)
where X is the cloud mass fraction and P the atmo-
spheric pressure. X is equal to zero below the cloud
deck. The average particle size is chosen such that the
ratio of the mass average of the particle settling and
mixing velocities equals fsed, where the mixing velocity
is determined from Kzz. Kzz is found from a parame-
terization of the average convective mixing and radiative
forcing of the atmosphere, as described in Mollie`re et al.
(2017). Following Ackerman & Marley (2001), we set σg
= 2.
The chemical inputs of the code are a list of atomic
species and a list of reaction products that are the same
as the chemical inputs described in Molaverdikhani et al.
(2019a)1.
1 As a reminder they are the lists of atomic species (H, He, C,
N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Fe, and Ni) with their
mass fractions and reaction products (H, H2, He, O, C, N, Mg, Si,
Fe, S, Al, Ca, Na, Ni, P, K, Ti, CO, OH, SH, N2, O2, SiO, TiO,
SiS, H2O, C2, CH, CN, CS, SiC, NH, SiH, NO, SN, SiN, SO, S2,
C2H, HCN, C2H2, CH4, AlH, AlOH, Al2O, CaOH, MgH, MgOH,
PH3, CO2, TiO2, Si2C, SiO2, FeO, NH2, NH3, CH2, CH3, H2S,
4 Molaverdikhani et al.
In addition to the gas opacity species (CH4, H2O,
CO2, HCN, CO, H2, H2S, NH3, OH, C2H2, PH3, Na,
K, TiO, and VO) considered in our grid of cloud-free
models, cloud opacity species are also provided, which
includes Mg2SiO4, Fe, KCl and Na2S. Figure 2 shows
the condensation curves over a broad range of temper-
atures encountered in the atmosphere of planets and
marks the condensation curves of these four condensates
as they cross the temperature structure of cloud-free
planets. Inclusion of these cloud opacities is expected
to introduce a radiative feedback, hence affecting the
atmospheric thermal structure and composition. H2–H2
and H2–He collision-induced absorption (CIA) is also in-
cluded in the model. In theory, the radiative feedback
of all condensates must be included in the model. How-
ever, we did not include all the condensates as noted.
One of the important condensates that we did not con-
sider in this grid of models is MnS. This species has been
reported to have noticeable effects on the atmospheric
properties over some temperature spans (Morley et al.
2012), and hence will be considered in the future simu-
lations.
When interpreting the results of our simulations, it
should be noted that the Ackerman-Marley method
(Ackerman & Marley 2001), that has been implemented
in petitCODE, assumes one fsed value for all species,
which is not necessarily a valid assumption at all condi-
tions (e.g. Gao et al. 2018). Hence, an overestimation of
cloud opacities might be introduced in the case of colder
planets. This is discussed in more detail in Sections 2.1.1
and 5.
There are two options to treat clouds in petitCODE.
One option is to follow the method introduced by Acker-
man & Marley (2001), for which the following equation
must be solved:
−Kzz ∂qt
∂z
− fsedw∗qc = 0 (2)
where Kzz is the vertical eddy diffusion coefficient and
w∗ is the convective velocity scale. The product of fsed
and w∗ represents an effective sedimentation velocity for
the condensate and can be estimated by w∗ = Kzz/Hp;
where Hp is the pressure scale height. More specifically,
fsed (the sedimentation factor) is defined as the ratio of
the mass-weighted droplet sedimentation velocity, 〈vf 〉,
VO, VO2, NaCl, KCl, e– , H+, H– , Na+, K+, PH2, P2, PS, PO,
P4O6, PH, V, VO(c), VO(L), MgSiO3(c), Mg2SiO4(c), SiC(c),
Fe(c), Al2O3(c), Na2S(c), KCl(c), Fe(L), Mg2SiO4(L), SiC(L),
MgSiO3(L), H2O(L), H2O(c), TiO(c), TiO(L), MgAl2O4(c),
FeO(c), Fe2O3(c), Fe2SiO4(c), TiO2(c), TiO2(L), H3PO4(c) and
H3PO4(L))
Figure 2. Temperature profiles of the planets in solar
system and some synthesized TPs for cloud-free exoplanets
(solid lines). Condensation curves for variety of chemical
substances (dashed lines). The opacities of Mg2SiO4, Fe,
KCl and Na2S are considered in our cloudy grid (red dashed
lines), which could affect the temperature profile and verti-
cal composition of the planetary atmospheres. Adapted from
Marley & Robinson (2015)
and w∗:
fsed =
〈vf 〉
w∗
, (3)
qc and qt are the condensate mass fraction and the total
mass fraction of the cloud species, and are related as
follow:
qt = qg + qc (4)
where qg is the gas phase mass fraction. In this model,
condensation removes gas from the gas phase chemical
model.
The treatment of vertical mixing differs from that used
in Ackerman & Marley (2001) and is described in Ap-
pendix A3 of Mollie`re et al. (2017). The second option
for the treatment of clouds is assuming a constant size
for the cloud particles and set the maximum cloud mass
fraction (see Mollie`re et al. 2017). We choose the first
approach, which is more physically motivated.
When interpreting the results of our simulations, it
should be noted that petitCODE, assumes one fsed value
for all species, which is not necessarily a valid assump-
tion at all conditions (e.g. Gao et al. 2018). Hence, an
overestimation of cloud opacities might be introduced
in the case of colder planets. This is discussed in more
detail in Sections 2.1.1 and 5.
2.1. Grid properties
We consider the effective temperature (Teff), surface
gravity (log(g)), metallicity ([Fe/H]), carbon-to-oxygen-
ratio (C/O), stellar type, and the sedimentation fac-
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tor (fsed) as the free parameters of this grid of models.
These parameters and their values are discussed below.
2.1.1. Effective temperature (Teff)
For the cloud-free (Molaverdikhani et al. 2019a) and
disequilibrium (Molaverdikhani et al. 2019b) grids, we
set the interior temperature at 200 K to be consistent
with the Fortney (2005) and Mollie`re et al. (2015) sim-
ulations. In the cloudy grid (this work) we assume the
same interior temperature, consistent with the previous
grids.
In both previous grids (cloud-free and disequilibrium),
the range of temperature was selected to span from rela-
tively cold planets, 400 K, to ultra hot planets, 2600 K.
Therefore, the best choice of temperature range for the
cloudy grid would be using the same range. However, as
shown in Figure 2, none of the considered cloud opaci-
ties (Mg2SiO4, Fe, KCl and Na2S) would result in cloud
formation at temperatures above 2400 K under a 1D
setup. Thus, we limit the upper effective temperature
of the planets to 2400 K. As shown in Figure 2, at tem-
peratures below 800 K, all planets are expected to be
covered by all four considered cloud types (Mg2SiO4,
Fe, KCl and Na2S) in 1D setup. Therefore, any planet
with an effective temperature colder than 800 K would
result in a spectrum with strongly muted atomic and
molecular features. Hence, less information regarding
the composition of atmosphere at the photospheric level
can be interpreted from the planetary spectra of these
planets. Therefore, we limit the lowest effective temper-
ature to 800 K. We choose an increment of 200 K to be
consistent with our previous grids.
2.1.2. Surface gravity (log(g))
In the previous grids, surface gravity in the models
spans over a very wide range of possibilities, from 2.0
to 5.0. But planets with a surface gravity of 2.0 or 5.0
are very exceptional (see Figure 1 in Molaverdikhani
et al. 2019a). Since the computational time of cloudy
models is longer than that of cloud-free models, we opt
for excluding the rarely observable parameter space from
the cloudy grid. We thus explore this parameter from
2.5 to 4.5 with an increment of 0.5; similar increment to
that of previous grids.
2.1.3. Metallicity ([Fe/H])
In the previous grids, we chose to explore a wide range
of metallicities from sub-solar, [Fe/H]=-1.0, to super-
solar [Fe/H]=2.0 with increment of 0.5. We choose the
same setup for the range and increment of metallicity in
the cloudy grid.
2.1.4. Carbon-to-oxygen-ratio (C/O)
As discussed in the introduction, one major goal of
performing the cloudy grid is to find the transition C/O
ratios; i.e. a boundary in the parameter space where
the planetary atmosphere transitions from a water-
dominated to methane-dominated one as C/O ratio in-
creases. For this reason, in our cloud-free and disequilib-
rium grids, we selected irregular parameter steps span-
ning from 0.25 to 1.25 with smaller steps around unity:
C/O=[0.25, 0.5, 0.7, 0.75, 0.80, 0.85, 0.90, 0.95, 1.0,
1.05, 1.10, 1.25]. These smaller steps around unity were
in order to capture the traditionally believed boundary
at around the unity. However, we showed that this tran-
sition could occur at any C/O (Molaverdikhani et al.
2019a,b). Hence a finer step-size at unity is no longer
needed. As a result we choose to vary the C/O from 0.2
to 1.2 with an increment of 0.2 everywhere.
2.1.5. Stellar type
We choose the same stellar types in the cloudy grid as
the previous grids, i.e. M5, K5, G5 and F5, in order to
cover a wide range of stellar types.
2.1.6. sedimentation factor (fsed)
As noted before, we use the cloud implementation
in the petitCODE that is introduced by (Ackerman
& Marley 2001). The product fsedw∗ represents the
mass-average sedimentation velocity for the condensate,
which causes an offset to the turbulent mixing. In the
case of zero sedimentation velocity (with fsed=0), con-
densates remain “frozen-in” and move with the gas par-
ticles; i.e. following the same velocity. As fsed increases,
and so the sedimentation velocity, larger cloud particles,
lower cloud mass fraction and larger settled clouds (i.e.
less extended) are expected.
Estimated and assumed values of fsed depend on a
variety of parameters such as the cloud type and the
atmospheric environment. But as a rule of thumb it
can vary between 0.01 and 10; although often it retains
a value less than 1.0 (Lunine et al. 1989; Ackerman &
Marley 2001; Mollie`re et al. 2017). Therefore, we inves-
tigate the effect of the sedimentation factor from 10−1.5
(∼0.03) to 100.5 (∼3) with a logarithmic increment of
100.5.
2.2. Spectral Decomposition
In order to quantitatively estimate the transition C/O
ratios, the contribution of each atmospheric constituent
in the spectra should be estimated. To perform this, we
follow the same as in (Molaverdikhani et al. 2019a), us-
ing the spectral decomposition technique. Constructed
templates of transmission spectra of individual species,
assuming an isothermal TP profile with T=1600 K, are
shown for some major opacity sources in Figure 3. We
6 Molaverdikhani et al.
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Figure 3. Templates of major opacity sources used in the
spectral decomposition technique, see Section 2.2. The wave-
length coverage of HST-WFC3 and Spitzer-IRAC’s channel
1 and 2 are shown for reference.
find the combination of these templates that best fits the
model, and the fit coefficients are taken to be the contri-
bution from each species. By definition, the ratio of con-
tribution coefficient of methane (cCH4) to water (cH2O),
i.e. cCH4/cH2O, is unity at any transition C/O ratio. For
a methane-dominated spectrum cCH4/cH2O > 1 and for
a water-dominated spectrum it is cCH4/cH2O < 1.
3. CLASSIFICATION SCHEME AND THE
METHANE VALLEY
3.1. The role of clouds
The complexity of the radiative feedback of clouds in
self-consistent calculations makes studying their effects
in an automated way a challenge. We therefore begin
our investigation by exploring these effects through the
analysis of several examples. We then generalize our
findings by using an automated and quantitative ap-
proach in Section 3.3.
Figure 4(a) illustrates how the transmission spectrum
of cloudy models changes with carbon-to-oxygen ra-
tio in four classes of planets. We assume log(g)=3.0,
[Fe/H]=1.0, G5 star, and fsed ∼0.03 for these models.
This surface gravity and metallicity are chosen to be rep-
resentative of atmospheric compositions of sub-Jovian
gaseous planets in the solar system2.
Comparing these spectra with the cloud-free spectra,
see Figure 4(b), reveals several striking differences. Due
to low sedimentation factor in these examples, clouds
remain high in the atmosphere (at low pressures) and
prevent molecular features to appear in full. Unsurpris-
ingly, colder planets are influenced by the cloud opacities
the most. This is evident in the transmission spectra of
2 Saturn, Uranus and Neptune, all have a surface gravity of
around 3.0 with super-solar metallicities.
Class-I planets, as they are the coldest planets in our
grid of models. Low C/O ratios (redder colors) are ex-
pected to result in the presence of both methane and
water in the transmission spectra, assuming cloud-free
atmospheres (e.g. Mollie`re et al. 2015; Molaverdikhani
et al. 2019a). In cloudy models, however, methane van-
ishes at low C/O ratios. The level of cloud continuum
extinction in these examples suggests that methane is
depleted at lower C/O ratios rather than being obscured
by clouds.
To examine this, abundances of methane in a low
C/O ratio environment are compared between cloudy
and cloud-free models in Figure 5. Metallicity, C/O
ratio, and stellar type are assumed to be 1.0, 0.25 and
G5, respectively. For the cloudy models the results of
C/O=0.2 and C/O=0.4 are linearly combined to es-
timate the abundance profiles at C/O=0.25. These
models show that for Class-I planets, at most altitudes
methane abundances are diminished at the presence of
clouds. Although there are some regions with more
CH4 production in the cloudy models. These local
depletion and production of methane are due to lo-
cal atmospheric heating and cooling as show in Fig-
ure 6. This mechanism is also consistent with the ob-
servation of depleted methane on self-luminous objects
(Barman et al. 2011; Currie et al. 2011; Marley et al.
2012). The excess heating partially releases the se-
questered oxygen from some of the condensates such
as VO(c), VO(L), MgSiO3(c), Mg2SiO4(c), Al2O3(c),
Mg2SiO4(L), MgSiO3(L), H2O(L), H2O(c), TiO(c),
TiO(L), MgAl2O4(c), FeO(c), Fe2O3(c), Fe2SiO4(c),
TiO2(c), TiO2(L), H3PO4(c) and H3PO4(L)). The ex-
cess oxygen accelerates the formation of water instead
of methane. This additional H2O manifests itself in
the transmission spectra of cold planets with low C/O
ratios, see e.g. Figure 4(a). In addition to H2O, CO2
spectral feature at around 4.5 µm is also noticeable that
was not being present in cloud-free models, see Fig-
ure 4(b). Therefore the following reaction is a possible
chemical pathway for this conversion:
CH4 + 2 O2 −−→ CO2 + 2 H2O . (5)
A hotter deeper atmosphere due to clouds’ radiative
feedback could result in the depletion of NH3 too. This
is consistent with the observations of GJ 3470 b, a warm
sub-Neptune (Benneke et al. 2019). Therefore, an at-
mosphere depleted of CH4 and NH3 could be an indi-
cation of heating at deeper regions by a thick layer of
silicate, alkali sulfates, salts, or other non-soot clouds
rather than depletion by photochemical processes. Con-
straining the composition of clouds could aid to link the
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(b) Similar models to (a) but with cloud free assumption, figure from Molaverdikhani et al. (2019a). Temperature of the coldest Class-I
model in the two grids are slightly different; see Section 2.1 for details.
Figure 4. Examples of transmission spectra: (a) Cloudy models at fsed ∼0.03. Carbon-rich class-I and class-II planets show
spectral signatures of CH4 but in hotter classes (III and IV) CH4 is replaced with CO and HCN in comparison to the cloud-free
atmospheres (b).
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Figure 5. Comparing methane abundances in a low C/O ratio environment (C/O=0.25), in cloudy models and in cloud-free
models. In all examples, metallicity, C/O ratio, and stellar type are [Fe/H]=1.0, C/O=0.25, and G5. Methane abundances are
lower at most altitudes and in most cases, although there are some regions with more CH4 production due to local atmospheric
cooling. Hotter planets, in general, produce much less methane as expected; the vertical dashed line marks a 10−5 mixing ratio
for reference. Abundances are shown for different values of sedimentation factor, fsed.
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observable parts to the deeper levels and address which
process is responsible.
Figure 6 shows the corresponding temperature struc-
tures of Figure 5 models, where the temperature profiles
appear to be relatively hotter for all models with tem-
peratures relevant to the formation of CH4, e.g. Teff <
1200 K. At hotter temperatures, where Na2S and KCl
clouds are thinning, the deeper parts of the atmosphere
could be cooled down by the presence of clouds, e.g.
models with Teff = 1400 K. Nevertheless, clouds’ feed-
backs are found to be highly non-linear throughout the
entire parameter space. The effects of different values of
sedimentation factor, as shown in Figures 5 and 6, will
be discussed later.
In the Class-I planets’ spectra, Figure 4(a), even the
strongest water features between 2.5 to 3.5 µm have
been heavily muted. CO2, on the other hand, has an
appreciable fingerprint between 4.0 to 5.0 µm due to
weaker other opacities (such as water and clouds) at
these wavelengths and excess production through Re-
action 5. At higher C/O ratios (bluer colors) CH4
comes into sight; although it is significantly muted
by clouds. The most prominent spectral signature of
methane at 3.3 µm seems to be persisting and a good
target-wavelength for the future observations of possible
carbon-rich but cloudy planets, such as GJ 1214b-like or
GJ 436b-like planets (e.g. Kawashima et al. 2019).
The boundary between Class-I and Class-II planets is
the evaporation of condensates in the photosphere of
Class-II planets (Molaverdikhani et al. 2019a). This
partial evaporation of condensates at hotter tempera-
tures diminishes the contribution of clouds in the opac-
ity budget. Thus, molecular features are expected to be
more pronounced with respect to Class-I cloudy planets.
While water features follow this prediction at lower C/O
ratios and become more pronounced, the methane sig-
nal at higher C/O ratios seems to be even more muted
than in Class-I; e.g. compare the weak methane fea-
ture between 2.0 and 3.0 µm in these two classes. This
is yet another hint for the depletion of methane at the
photospheric levels, rather than obscuration by clouds.
Class-III planets, with effective temperatures between
1650 K and 2200 K, show a similar pattern: more pro-
nounced water features at low C/O ratios and no sign of
methane at higher C/O ratios. At these temperatures,
KCl and Na2S are completely evaporated but Mg2SiO4
and Fe are partially in their solid phase. Partial evap-
oration of condensates (including the ones that are not
considered as the cloud opacities in this study) releases
oxygen and causes water production. These diminished
cloud opacities and enhanced water production explain
stronger water features at low C/O ratios of Class-III
planets. This weaker cloud absorption makes the atmo-
spheric cooling to be more efficient, which is consistent
with the cooled regions of hotter planets (e.g. at 1400 K)
shown in Figure 6.
On the other hand, higher C/O ratios result in lower
water abundances. Water opacity contribution dimin-
ishes to a point that no strong molecular feature re-
mains in the spectrum. Therefore, cloud continuum be-
comes the dominant opacity source at such transition
C/O ratio. This is similar to the results by Mollie`re
et al. (2015), who reported that a C/O close to the tran-
sition from O- to C-dominated gas chemistry (around
C/O ∼0.7-0.9) leads to a minimum in molecular ab-
sorber opacities. In this example, i.e. Class-III planets
in Figure 4, CO and HCN become the dominant carbon-
bearing species at high C/O ratios and methane’s pres-
ence is obscured by these species in a non-gray way. Noll
et al. (2000) reported a similar mechanism on L Dwarfs
for which methane can be obscured by other opacities
such as clouds, molecular hydrogen continuum or line
opacities. The replacement of CH4 with CO and HCN
in comparison with the cloud-free spectra (e.g. see Fig-
ure 4 in Molaverdikhani et al. 2019a), and lower cloud
opacity contributions support the methane depletion as
the main cause of methane’s paucity on hot exoplanets.
When the sedimentation factor is extremely low, e.g.
fsed=0.03, clouds are extended to the very low pressures
and contribute significantly to the radiative structure of
the atmosphere. Thus the remaining methane features
could be also muted; see the void of methane feature
at 3.3 µm for high C/O ratio Class-III spectra, e.g., in
Figure 4 ( see also Figures 14, 15 and 16 in the Ap-
pendix, to compare cases with other sedimentation fac-
tors). But occasionally and under specific circumstances
the 3.3 µm feature emerges debilitated in the models
with low sedimentation factors; see e.g. Figure 8.
Transmission spectra of Class IV planets, Figure 4, are
conspicuously different from that of Class-III. In partic-
ular, H2O and CO2 are replaced by CO at low C/O
ratios and there is no sign of cloud continuum even at
higher C/O ratios. Methane remains depleted because
these temperatures, Teff > 2200 K, make an inauspicious
environment for methane production.
Figure 7 illustrates the main CH4-CO conversion
pathway for the similar models in Figures 5 and 6;
except C/O ratio is selected to be 0.5 (instead of 0.25)
to achieve higher chemical contribution of methane in
the composition of atmosphere for illustration purposes.
These conversions can be understood by following this
reaction:
CH4 + H2O
& 1000K−−−−−−⇀↽ −
. 1000K
3 H2 + CO (6)
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Figure 6. Corresponding temperature structures to Figure 5 models; Metallicity, C/O ratio, and stellar type are [Fe/H]=1.0,
C/O=0.25, and G5. Atmospheric temperatures are relatively hotter for all planets with temperatures relevant to the formation
of CH4, e.g. Teff < 1200 K, although the cloud feedback is highly non-linear. Temperature profiles are shown for different values
of sedimentation factor, fsed.
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Figure 7. Abundance difference between cloudy and cloud-free models for CH4, CO and CO2. Models are the same as in
Figure 5 and 6, except C/O ratio is selected to be 0.5 for a higher chemical contribution of methane in the composition of
atmosphere, for illustration purposes. Vertical dashed lines show zero abundance variation between the two models. Carbon in
CH4 is mostly deposited in CO at the hotter regions of colder planets. On hotter planets, CH4 plays a negligible role in the
carbon chemistry; unless the C/O ratio is very high (not shown here).
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At deeper regions, where atmosphere becomes hotter
due to the presence of thick clouds, methane depletes
and CO captures the freed carbon. This continues at
lower pressures, but CO2 also contributes and becomes
CO. These all hint for a prominence of CO features in
the transmission spectra of irradiated planets.
Mid to late T dwarfs are also expected to have
methane-rich atmospheres, assuming they are in a chem-
ical equilibrium. However, observations of CO with
relatively high mixing ratios suggested that their atmo-
spheric compositions are likely out of equilibrium (Noll
& McElroy 1974; Saumon et al. 2000, 2006; Geballe
et al. 2009; Barman et al. 2011). This interpretation is
plausible if abundance enhancement at larger pressures
is monotonic. If not, then vertical mixing could lead to
depleted, enhanced, or invariant CH4 abundances, de-
pending on the shape of the abundance profile and the
strength of the atmospheric mixing (e.g. Molaverdikhani
et al. 2019b). Therefore, an alternative explanation
could be the presence of clouds where higher tempera-
tures at high pressure result in the formation of CO and
methane depletion without a need for a strong vertical
quenching. A combination of both processes to explain
the observed CO on the mid to late T dwarfs seems to
be more plausible.
3.2. The role of sedimentation factor, fsed
Figure 6 presents the temperature structure of Class-I
and II cloudy models (red lines) at different sedimen-
tation factors, ranging from 0.03 to just above 3. In
general, a higher fsed results in the cloud vertical ex-
tent to be narrower and remain at deeper levels (Ack-
erman & Marley 2001). This makes the effect of clouds
at lower pressures less significant. Consistency of cloud-
free and cloudy temperature structures at low pressures
(<10 mbar) for the cases with high sedimentation fac-
tor, e.g. fsed=3.16, supports this statement. Simulta-
neously, temperature differences at deeper parts of the
atmospheres also decrease at high fsed values. Thus,
cloudy models with very high fsed are expected to re-
semble cloud-free models in general. The highest sedi-
mentation factor in our grid of model is 3.16 and Fig-
ure 8 illustrates corresponding transmission spectra to
this value. The rest of model parameters are the same as
in Figure 4. The contribution of cloud opacities is barely
noticeable in these spectra (Figure 8 with fsed=3.16)
and Class-I and II spectra resemble the spectra of cloud-
free models. Methane is the prominent feature in Class-I
at all C/O ratios. The CO2 spectral feature at 4.5 µm
can be seen as well for this class that is not present in
its cloud-free counterpart, e.g. compare Class-I spec-
tra in Figure 8 and Figure 4(a). Methane in Class-II
planets appears in C/O ratios above the transition C/O
ratio but not at low C/O ratios. HCN have a persist-
ing appearance in Class-III and IV planets; hinting for
a chemical fingerprint of clouds even at high fsed values.
However, as noted, the radiative response to the cloud
opacity is highly non-linear and clouds’ feedback de-
pends on a variety of parameters, including the sedi-
mentation factor. The response of temperature struc-
ture to the variation of fsed is shown in Figures 6 for
a set of models. Looking at the examples with an ef-
fective temperature of 800 K, an increase in fsed from
0.03 to 0.32 heats up the atmosphere in some regions
but cools elsewhere. For instance, three atmospheric re-
gions are notable in these particular cases: above a few
mbar, below a few hundred mbar, and pressures levels
in between. This translates to the depletion of methane
at some levels but not the others, as shown in Figure 7.
Associated pressures to these regions, however, are not
universal and vary strongly with atmospheric parame-
ters. See, for example, how the temperature profiles
vary in hotter cases in Figure 6.
Other atmospheric parameters, such as the surface
gravity and metallicity, affect the atmospheric response
to the variation of sedimentation factor as well. For
instance, Figures 9 and 10 have a lower metallicity
([Fe/H]=-1.0) in comparison to the examples given in
Figures 4 and 8 ([Fe/H]=1.0). A striking difference
is the presence of methane. Even the hottest cases,
Teff=2400 K, show the contribution of methane in their
spectra between 3.0 and 4.0 µm. Lower metalicity re-
sults in higher cooling efficiency of atmosphere at the
photospheric levels. Such environment is favorable for
the production of methane; consistent with the presence
of methane in Figures 9 and 10 (see also Figures 17, 18
and 19 in the Appendix, to compare cases with other
sedimentation factors).
3.3. Estimation of Transition C/O Ratios and the
Methane Valley
Our results indicate that clouds can drastically limit
the parameter space at which methane is expected to be
present in the transmission spectra of exoplanets. The
transition C/O ratios at which methane features become
the dominant spectral features are estimated by using
the spectral decomposition technique. Figure 11 shows
the corresponding parameter space separated for differ-
ent sedimentation factors. The transition C/O ratios are
color-coded by the β-factor. β-factors of Jupiter (∼2.6),
Saturn (∼1.3), and Uranus (∼-0.5) are also marked for
comparison.
We start by interpreting the results of fsed=3.16 mod-
els (the bottom panel in Figure 11). Models below
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Figure 8. Examples of transmission spectra of cloudy models at fsed =3.16. High sedimentation factor removes the clouds
from the low pressure regime; hence spectra appear similar to their cloud-free counterparts to some degree.
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Figure 9. Examples of transmission spectra of cloudy models at fsed ∼0.03 and [Fe/H]=-1.0. Due to lower β-factor, and hence
the placement of the photosphere at lower pressures, CH4 is more efficiently produced with respect to HCN.
1650 K (mostly Class-II, but also Class-I) show tran-
sition C/O ratios significantly less than unity. Under
these conditions, the Methane Valley is a persisting do-
main above C/O∼0.7 where methane features are ex-
pected to be present in the planetary spectra regard-
less of their metallicity or surface gravity. (C/O)tr ra-
tio increases by temperature due to partial evapora-
tion of condensates and the release of sequestered oxy-
gen. At any given temperature in this regime, a lower
metallicity favors cooling the photosphere and the pho-
tosphere moves to larger pressures (e.g. see Figure 11
in Mollie`re et al. 2015). This increases the amount of
methane at the photospheric levels, which in turn lowers
the (C/O)tr ratios at higher β-factors. Above 1650 K,
(C/O)tr ratios remain around the unity for models with
higher β-factors. The lower β-factors (.2.0), however,
have terminated ends on their (C/O)tr ratios (circles at
the right-end of (C/O)tr ratio lines). This represents
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Figure 10. Examples of transmission spectra of cloudy models at fsed ∼3.0 and [Fe/H]=-1.0.
the lack of methane in the transmission spectra of all
hotter models with the same β-factor. This is due to
the methane depletion and obscuration by other opacity
sources as discussed. While the termination of (C/O)tr
ratios at lower β-factors limits the Methane Valley to
colder planets, the results of models with fsed=3.16
resemble the results of cloud-free atmospheres in gen-
eral, as expected (See Section 4 in Molaverdikhani et al.
2019a).
Models with fsed=1.0 start to differentiate from the
cloud-free models and the Methane Valley shrinks for
low β-factor models. Under these conditions, the ob-
servation of methane on planets with similar β-factor
to that of Saturn (and Uranus/Neptune) would be lim-
ited to temperatures below 1400 K (and <1200 K). The
Methane Valley does not change much for planets with
Jovian-like β-factors as its β-factor is not very low.
At lower sedimentation factors, fsed <1.0, the
Methane Valley would vanish for planets with Uranus-
or Neptune-like β-factors. We should note that a com-
mon implementation of the Ackerman & Marley (2001)
model (as it is also the case in our grid of cloudy models)
is using the same fsed for all species. This could result in
an over-estimation of cloud opacities at colder planets.
Inclusion of species-dependent fsed may remove some of
the condensates from the photosphere to make room for
the reappearance of methane in the transmission spectra
of colder planets. Nevertheless, our systematic survey
provides a framework to investigate the effect of species-
dependent rain-out on the observability of methane (and
other species) on exoplanets in the future.
Note that the curves shown in Figure 11 exhibit some
oscillations with Teff, which manifest themselves as local
extrema. While these local extrema at the grid points
are caused by highly non-linear cloud feedback, the local
extrema in between grid points are artifacts caused by
the plotting algorithm to make the curves smooth.
4. SPITZER’S COLOR-DIAGRAMS
We construct synthetic Spitzer IRAC color-diagrams
by extracting the normalized “colors” of our cloudy
grid of atmospheric models. These colors are based on
IRAC’s photometric channels 1 and 2, which are cen-
tered at 3.6 and 4.5 µm, respectively, and for the trans-
mission diagrams are calculated as below:
Rtr = (IRAC4.5 µm − IRAC3.6 µm)/IRAC3.6 µm (7)
and it is the other way around for the emission diagrams:
Rem = (IRAC3.6 µm − IRAC4.5 µm)/IRAC4.5 µm (8)
Channel 1 (3.6 µm) is mostly suitable to study
CH4/H2O spectral features and channel 2 (4.5 µm) is
more sensitive to CO/CO2 features. HCN contributes
in both channels similarly, with slightly higher contri-
bution in channel 1. Clouds are expected to change
the color of planets significantly (e.g. Parmentier et al.
2016). They could have either gray or non-gray contri-
butions in these channels, depending on their properties,
such as their particle size distribution. Therefore, the
presence of populations on the color-diagram could re-
veal dominant processes at the photosphere of planetary
atmospheres from a statistical point of view.
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Figure 11. Transition carbon-to-oxygen ratios, (C/O)tr, for
different sedimentation factors, fsed. Models above (C/O)tr
curves present CH4 features in their transmission spectra and
models below these curves present H2O as their dominant
spectral feature. The curves are color-coded by the β-factor
of the models (β=log(g)-1.7×[Fe/H]). The β-factor of Jupiter
(J), Saturn (S), and Uranus (U) are shown for comparison.
Circle symbols mark the highest temperature at which CH4
features is present in the transmission spectra for that given
β-factor and fsed. See Section 3.3 for a discussion.
Figure 12 shows the constructed color-diagram of the
cloudy atmospheres, both in emission (left panels) and
transmission (right panels). In the emission diagrams,
two main populations from cloud-free simulations are
shown by gray lines: CH4 (left) and CO/CO2 (right)
dominated populations. The overall shape of the cloudy
populations remain similar to that of cloud-free and dis-
equilibrium atmospheres (Molaverdikhani et al. 2019b)
but with some differences. Paucity of methane at hotter
planets and its replacement with HCN (mostly in models
with temperatures above 1500 K) pushes the originally
populated regions with methane-dominated cloud-free
atmospheres to the right. This is because HCN con-
tributes more evenly in IRAC channels than CH4; see
Figure 3. On the other hand, obscuration of CO by
HCN results in a color-shift of the hot population with
low C/O toward zero from the right-side of the map. In
addition to the contribution of HCN instead of CO and
CH4, gray/semi-gray cloud opacities also cause less con-
trast between the two channels, which makes the models
to populate color values around zero.
Including the available IRAC’s photometric observa-
tions in the emission maps, i.e. black squares with error
bars in Figure 12 left panels, reveals a general agreement
between our cloudy models and the observations. How-
ever, Class-IV exoplanets exhibit systematically redder
colors (negative color values). One possibility is neglect-
ing the effect of 3D geometry in this work. The colder
night-side environment of hot exoplanets provides a suit-
able environment for chemistry that are relevant to the
colder regimes, including the formation methane. Such
products can be transported to the morning side to con-
tribute in the spectra of these planets (e.g. Helling et al.
2019; Molaverdikhani et al. 2020). Other biases due to
the neglecting of 3D geometry of exoplanet have been
also reported (Caldas et al. 2019; Taylor et al. 2020;
Pluriel et al. 2020), which emphasises the importance of
this effect, in particular, on hotter exoplanets.
In the cloud-free models, the population of colder
planets (particularly for .1200 K) are mostly bounded
to the CH4-population (gray area at the left with sig-
nificantly negative color values). Only limited number
of these planets with low C/O ratios show higher color
values than that of CH4-population. This is mainly be-
cause of the persisting presence of CH4 in cold cloud-free
models. As shown by Molaverdikhani et al. (2019b), in-
troducing disequilibrium processes does not change this
picture, but in this work we show that clouds affect this
population remarkably. In the cloudy models, the popu-
lation is scattered toward right, where a higher contribu-
tion from IRAC channel 1 at 3.6µm influences the color.
The reason is the presence of clouds; through methane
depletion and obscuration of molecular features. In ad-
dition, high-metallicity planets favor the formation of
CO2, which in turn smears the population to bluer col-
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Figure 12. Spitzer’s synthetic color-diagrams of cloudy irradiated planets in emission (left panels) and transmission (right
panels). Emission diagram is compared with the observations (black squares). Cloud-free CH4 and CO/CO2 populations are
shown by gray lines for reference. The shape of these populations in cloudy models have shifted: Hotter models are less scattered
due to methane depletion and HCN production, and colder planets (with effective temperature less than ∼1200 K) are skewed
toward right, where a higher contribution from IRAC channel 1 at 3.6µm influences the color. The cloudy transmission diagram
remains similar to its cloud-free analogue. See Section 4 for details.
ors even more. Studying this parameter space could
therefore help determining the presence and statistics
of clouds on exoplanets as their colors at these wave-
lengths would differ from their cloud-free counterparts
considerably.
GJ 3470 b is a sub-Neptune with an equilibrium tem-
perature around 600 K; solid line in the emission maps
marks its location. Benneke et al. (2019) performed
photometric measurements of the thermal emission of
this planet with IRAC channel 1 (Fp/F∗=115±27 ppm)
and 2 (Fp/F∗=3±22 ppm). They argued that the high
contrast in these two channels and a very low flux in
channel 2 is in contrast with solar abundance models
and a low methane abundance is in favor. They also
noted that photochemistry at upper layers cannot ex-
plain this contrast and possible explanations are 1) sub-
stantial interior heating, 2) photochemical destruction of
CH4 at deeper levels, or 3) a low C/O ratio as a result
of the planet formation process. Molaverdikhani et al.
(2019b) showed a low C/O ratio could indeed explain the
emission color of some of the low temperature cloud-free
planets that are skewed to the right of the map. How-
ever, that alone would be insufficient to explain the ob-
servations of GJ 3470 b. While our cloudy grid is not
extended to 600 K, it is apparent that at temperatures
lower than 800 K the contribution from the clouds would
continue to skew the emission map to the right. There-
fore, the role of clouds could be a more likely explanation
for the photometric observation of GJ 3470 b as opposed
of a lower C/O (unless its atmospheric C/O ratio is ex-
tremely low). We should, however, note that an internal
heat could be still a plausible explanation in this case,
which requires further investigations.
Figure 12 lower-left panel shows the same emission
color-diagram but color-coded by metallicity instead of
C/O ratio. The scattered population of colder planets
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(.1200 K) seems to be associated with higher metallic-
ities in general. This is consistent with the depletion
of CH4 at higher metallicities as also summarized in
Figure 11. As noted, higher metallicity is also in favor
of a higher CO2/H2O, which enhances the shift toward
more positive colors. It is worth noting that such “hid-
den metallicity” cannot be estimated directly from the
current cloudy or cloud-free self-consistent retrievals as
they do not consider any physicochemical feedback from
the clouds during the forward model calculations. Con-
sequently, an obscured spectrum by clouds could be in-
terpreted as a low-metallicity atmosphere through these
approaches.
Transmission color-map (right panels of Figure 12)
does not change significantly from that of cloud-free and
disequilibrium; i.e. planets with lower surface gravity
would have a more disperse colors and high log(g) would
make the spectral features less pronounced and clustered
around zero. Note that the grid of cloudy models is ex-
tended from log(g) of 2.5 to 4.5; hence a less scattered
models are noticeable relative to the previous models
with a log(g) of 2.0 to 5.0 in our cloud-free investiga-
tion (Molaverdikhani et al. 2019a). A final remark on
the transmission map is that, in general, planets with
higher metallicities tend to populate the right side of the
map and otherwise for the low metallicity atmospheres.
Therefore, a combination of low metallicity and low sur-
face gravity (i.e. low β-factor) could potentially explain
some of the observations at the far-right region of the
transmission map; see Baxter et al. (2018) for some ex-
amples.
5. CONCLUSION
We calculated a grid of 37,800 self-consistent cloudy
atmospheric models and investigated the role of clouds
in the classification of planets based on their transmis-
sion spectra. Our quantitative analysis confirms that
our proposed classification scheme based on cloud-free
models in (Molaverdikhani et al. 2019a) holds true in
the case of cloudy atmospheres, in principal. However,
alteration of this classification by the presence of clouds
is noticeable. For instance, high-metallicity and low sed-
imentation factor could affect the the dominant chemi-
cal processes at the photospheric levels and change the
transmission spectra significantly.
For a given atmosphere, the significance of methane’s
spectral signature can change in two ways: by chang-
ing its abundance or by obscuration due to the pres-
ence of other opacities (whether in gas- or solid-phase).
We found that in all carbon-poor cold cloudy planets
(Class-I) the transmission spectra are void of methane.
This is in contrast with our previous findings based on
cloud-free models where methane appears in the spec-
tra of Class-I planets regardless of their C/O ratio. We
linked the heating of the photosphere to this depletion of
methane that is caused by optically thick layers of clouds
in the models. The heating is more efficient when the
metallicity is high. Such heating partially releases the
sequestered oxygen from the condensates; making the
transmission spectra of cold carbon-poor exoplanets to
be more likely rich in water.
We predict that an observational consequence of such
photospheric heating is simultaneous depletion of NH3
and CH4 from the photosphere. Photochemical reac-
tions could also deplete these species. However, deter-
mination of clouds’ composition could distinct between
photochemically formed soot haze and silicate, alkali sul-
fates, salts, or any other non-soot clouds.
Hotter planets result in optically thinner clouds at
their photospheres, which leads to a cooler photosphere,
due to a weaker greenhouse effect. This cooling, how-
ever, does not results in significant methane production
as the temperatures are still much higher than suitable
temperatures for CH4 formation. HCN and CO, on the
other hand, form efficiently both on hotter planets and
colder planets with heated photospheres. Hence HCN
features are expected to be more prominent in the atmo-
sphere of carbon-rich (high C/O) atmospheres, and in
particular on high-metallicity planets. The detection of
HCN is observationally favorable as its spectral features
contrast H2O in the range of 3-5µm (e.g. MacDonald &
Madhusudhan 2017). A lack of CH4 and the presence of
HCN may be another indication of cloud formation in
the atmosphere of exoplanets.
In general, the detection of methane on exoplanets
with β-factors similar to Jupiter’s and Saturn’s is more
likely than planets with β-factors similar to Uranus’s
and Neptune’s. In addition, higher sedimentation fac-
tors remove the clouds from the photospheres more ef-
ficiently. Thus atmospheric properties resemble cloud-
free atmospheres. In contrast, lower fsed forms extended
clouds that heat the photosphere more, deplete methane
and mute its remaining signatures from the transmis-
sion spectra. Under these suppressed conditions, obser-
vation of methane at NIR bands is a challenging task.
We therefore propose observing its fundamental band
at 3.3 µm as has been also proposed by others (e.g. Noll
et al. 2000; Kawashima et al. 2019). Nevertheless, low
metallicity planets, e.g. HAT-P-11b (Chachan et al.
2019), are in favour of methane detection for the future
observations.
All together, higher surface gravity, lower metallicity,
and higher sedimentation factor seems to provide the
most suitable condition to find methane on irradiated
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exoplanets. While surface gravity and metallicity are
properties of exoplanets, fsed acts as a proxy for the
vertical extent of the clouds and is a model parameter.
The effects of fsed can be altered by changing other input
parameters of the Ackerman and Marley model, which
we do not investigate in this work but should be taken
into account when interpreting the results of this grid.
Two examples of such atmospheric parameters are the
particle size distribution and vertical mixing strength.
Nevertheless, assuming an anti-correlation between
the metallicity and the mass of exoplanets (e.g. Wake-
ford et al. 2017), more massive planets are then in favor
of methane detection. Combining this with higher sur-
face gravity condition results in smaller but massive
planets to be the favorable targets. Moreover, slow
rotating planets are more likely to have less rigorous at-
mospheric mixing than fast rotating planets (e.g. Zhang
& Showman 2018). This favors higher efficiency in cloud
settlement. A slow rotating tidally-locked exoplanet
translates to a longer orbital period. Therefore, plan-
ets with longer orbital periods are more likely to show
methane in their spectra. On the other hand, the hottest
planets in the range of Methane Valley’s temperature
range (i.e. ∼1450 K) are more likely to have thinned
cloud layers while demonstrating methane in their spec-
tra. Thus planets with temperatures around 1450 K
with longest orbital periods could be favorable candi-
dates for methane detection. This also translates to the
planets with T∼1450 K around the coldest host starts,
e.g. M-dwarfs, as their orbital periods are the longest.
These are only general guidelines and further observa-
tions are needed to proof these predictions.
A summary of major atmospheric processes that cause
methane depletion are also illustrated in Figure 13. This
includes heating by clouds and hazes, internal heating
by tidal force or remnant heating from the formation or
other mechanisms, lower C/O ratio or high metallicity
through planetary formation, atmospheric mixing, pho-
tolysis, etc.
We also investigated the shape of populations in the
emission and transmission color-diagrams due to the
cloud formation. At higher temperatures the popula-
tions tend to cluster around lower contrast values rela-
tive to the cloud-free and disequilibrium emission maps.
We found that this is mainly due to the conversion of
CH4 and CO into HCN. Since HCN has more even con-
tribution in the IRAC channels, the scattered popula-
tion of hot planets becomes more clustered. At low tem-
peratures, however, the colors are more dispersed and
skewed toward right, where the depletion of methane
and higher CO2 contributions in high-metallicity plan-
ets makes the normalized color to become more positive
(bluer in a non-normalized sense). This scattered pop-
ulation of cold planets can be used to characterize the
formation of clouds on exoplanets through multi-color
photometry using facilities that are more accessible than
spectrographs.
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APPENDIX
A. ADDITIONAL FIGURES
Figures 14, 15, 16, 17, 18 and 19 are shown as the examples of how sedimentation factor affects the transmission
spectra of exoplanets at different metallicities and for different classes of planets.
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Figure 14. Examples of transmission spectra of cloudy models at fsed ∼0.1.
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Figure 15. Examples of transmission spectra of cloudy models at fsed ∼0.3.
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Figure 16. Examples of transmission spectra of cloudy models at fsed ∼1.0.
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Figure 17. Examples of transmission spectra of cloudy models at fsed ∼0.1 and [Fe/H]=-1.0.
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